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suMMARY

The zero-lift damping-in-roll derivative has been experimentally
determined through high subsonic, trsnsonic, and low supersonic speeds
by a torque-nozzle forced-roll technique utilizing rocket-propelled
models. The data have been collected from investigations using this
technique for three-semispan-wing confi~ations to show the effects.
of wing plan form and airfoil section and, qpalitativel,y,the effects
of aeroelasticity.

This collection of data indicates that the zero-lift dsmping in
roll for wings of aspect ratio less than 6 of a wide vsxiety of plan
forms is well defined from subsonic to low supersonic speeds and shows
all wings tested to have dsmping in roU in this speed range at 0° angle
of attack. The trends of the effects of the various geometric parsneters
are about as predicted by theory, even though the level of damping
is consistently lower thsm that obtained by theory.

INTRODUCTION

The dsmping-in-roll derivative is an important factor in the dynsmic
lateral behavior of aircraft. In view of this fact, a great amount of
testing with various techniques has been done on general and specific con-
figurations. One test technique employed by the Langley Pilotless Aircraft
Research Division to obtain the damping in roll at zero lift was the
so-called torque-nozzle technique utili.zfngrocket-propelled nmdels
(ref. 1). In this method a known nonaerodynamic forcing moment from the
rocket torque nozzle produces roll, and, by measurements of the inertia
of the model, Mach number, and rolling velocity, the damping in roll can.

lSupersedes recently declassified NACA Reseach Memorandum L53E26
1 by David G. Stone, 1953.
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be determined with reasonable accuracy. A more or less systematic series
of wings were tested at transonic and low supersonic speeds with each
phase or group being reported by the National Advisory Committee for
Aeronautics in seven separate papers (refs. 1 to 7). The purpose of this
report is to collect the data in one paper from the investigations of
this completed program so that the effects of wing geometry smd Mach num-
ber maybe summarized.
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SYMBOLS

rolling-moment coefficient,
I

MX q~b

damping-in-roll derivative,
I

ACIAP$

rolling moment, ft-lb

rolling angular velocity, radisns/sec

dynamic pressure, lb/sqft

.

-G

.

Mach number
.

velocity, ft/sec

aspect ratio, b2/Sn when n=2

angle of sweep of wing qusrter-chord line, deg

angle of sweep of wing leading edge, deg

mgle of sweep of wing trailing edge, deg

taper ratio (ratio of tip chord to chord at body center line)

airfoil-section thickness ratio p~allel to center line

wing span (diameter of cticle generatedby wing tips), ft

maximum diameter of body, ft

area of n semispan wings with_wing assumed to extend to
model center line, sq ft

L
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n nuuiberof semispan wings

.
0/m wing torsional-stiffnesspsxameter, measured at exposed mid-

spsn perallel to model center line, radisns/ft-lb

e angle of twist, produced by m, at exposed midspan parallel
to model center line end normal to wing-chord plane, radians

m concentrated couple, applied at exposed midspan parallel to
model center line and normal to wing-chord plane, ft-lb

(e/m)Sd calculated e/m of test wing if fabricated of solid duralu-
min, radians/ft-lb

MODELS AND TEST TECHNIQUE

The models were simply constructed with minimum internal instrumen-
tation to allow systematic flight testing of various wing configurations.
~ical model lines and the locations of unswept, swept, and delta
wings on the basic body we shown in figure 1. A complete model con-
sisted of a wooden fuselage with test wings, a nose containing batteries
and spinsonde, a ballast tube that attaches to the rocket-motor hesd
cap, and a rocket motor with canted nozzles. The basic principle of*
this technique is that the model is forced to roll by a nonaerodynamic
rolling moment of known magnitude which is produced by the canted nozzle
assembly, and the damping in roll is computed by balancing the moments
acting on the model. Each model was launched from a rail-type launcher
at an elevation angle nesr 70° to the horizontal and was accelerated
to a high subsonic Mach number by means of a booster rocket motor. Then
at booster burnout the model was accelerated by the internal rocket motor
with canted nozzles to a supersonic Mach number. The Reynolds number
range (based on the mean aerodynamic chord) covered for the unswept and

swept wings was 2.2 x 106 to U x 106 and for the delta wings was 4 x 106

to 17X 106. A complete description and analysis of this method for
determining the damping-in-roll derivative may be found in reference 1.
In general, the maximum possible error of the damping-in-roll derivative
was kO.03 and Mach number measurement was *0.01.

The wings used for these tests were of three types, as shown in
figure 2, and were constructed of wood with a full-chord duralumin plate
in the wing-chord plane, of wood with a duralumin plate plus steel inlays
on the section surfaces, and of solid duralumin. The configurations smd
types of construction used on all the wings are listed in table I. A.
measure of the torsional stiffness is also listed in table I. The
torsional-stiffnessparsmeter e/m of most of the unswept and swept

●
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wings was obtained by applying a
measuring the resulting twist at
the twist was measured in planes

known couple at the exposed midspan and
the midspan. The couple was applied and
parallel to the free stream and normal

.

to the wing-chord plane. No stiffness characteristicswere measured for
the delta wings. In order to establish a relative meaning to the values
of torsional-stiffnessparsmeter, the ratios of e/m of a comparable

(e/d Sd
solid duralumin wing to e/m of the test wing me given as

T*
This can be thought of as a “figure of merit” since few full-scale air-
craft wings will be appreciably stiffer than solid duralumin. The values
of (e/m)sd were calculated forthe wings of composite construction. A

COmpariSOII of the calculated (e/m)~d to the measured value for any of

the solid duralumin wings indicated that the-value of (e/m)sd couldbe

determined within 17 percent of the measured value with the largest dif-.—

(e/m)~d
ference for swept wings; consequently, the values of

T
are given

to the nearest tenth only. —

Another factor which has influence on the stiffness ctiacteristics
is the altitude conditions of the tests. As reported in reference 8,
the change in flexibility with altitude varies directly with the ratio

.

of static pressure at test altitude to the sea-level static pressure.
This additional flexibility factor, or ratio of static pressures, for
all the torque-nozzle-techniquemodels varied from O.&j k 0.05 at M = 1.4 ‘
toO.6>* 0.05 at M=o.8.

RESULTS AND DISCUSSION

The damping-in-rolldata from the torque-nozzle technique have been
collected from references 1 to 7 to show the effects of wing plan fo~,
airfoil section, and number of semispan wings, and, qwlitatively, the

—

effect of aeroelasticity. Given in table I is a listing of the various
wings for which the derivative C2 is summarized in this report with

P
samplings of C2 at M = 0.8, M = 1.0, and M = 1.2, with the figure

P
numbers in which-data for each appear, and with the reference number in
which the original data were ptilished. Only the dsmping-in-roll deriva-
tive is considered in this report. Wing-dropping phenomenon, as reported
in references 9 and 10, in general determines the lateral behavior at
transonic speeds without regard for the dsm~ing in roll. However, wings
that are not susceptible to wing dropping show a smooth retention of
damping through the trsmsonic speed region. The methods used to summarize -
the data me plots of the basic data of

~i-
against Mach number for each

P

—
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geometric,parameter with all other parameters, including stiffness, held
in a small rsnge of values to elhinate secondary effects as far as pos-
sible. The data are for three-semispan-wing cord?igurations,except where
the effects of four semispsm wings are shown.

Sweepback

The effect of sweepback of the quarter-chord line of untapered
wings, moderately tapered wings, and highly tapered wings is shown in
figure 3 as collected from references 1, 5, and 6. For these wings, of
aspect ratios of 3.5 to 4.0 and 5- end 6-Percent thicknesses, sweepback
caused an appreciable reduction in CL, especially at supersonic speeds

and for wings swept more than 45°. As&will be shown later, some of this
reduction in C

%
at A = 60° may be an effect of aeroel.asticityeven

though a wing ma~be made of solid duralumi.n.

Aspect Ratio

me effect of aspect ratio on unswept untapered wings of 6- -
9-percent thicknesses and swept tapered wings of 9- and 10-percent thick-
nesses is shown in figure 4 as collected from references 1, 2, 3, and 5.
For the g-percent-thickunswept wings, decrease in the aspect ratio from
4.5 to 2.5 successively decreased Clp nearly uniformly above M =0.95;

whereas, for thinner unswept wings, little difference in Clp was noted

for a decrease of aspect ratio from4.5 to 3.7. For the swept wings shown
in figure 4(c) the effect of increasing the aspect ratio from 3.5 to 6.o
which should increase the damping in roll was not present because of a
large aeroelastic effect. This aeroelastic effect canbe seen by noting
the torsional wealmess for these types of construction as compar@ with
that for solid duralumin as shown in table 1, and also the aspect-ratio-6
swept wing is approximately 19 times weaker torsionally than the aspect-
ratio-3.5 swept wing.

Taper Ratio

The effect of taper ratio on dsmping in rolJ for unswept and 45°
sweptback wings is shown in figure 5 as obtained from reference 6. For
these wings of aspect ratio 3.7 and 6-Percent thickness, increasing the
taper did not significantlyreduce ch-l until the wing was tapered to

a point (X = O) at both 0° and 45° swe~p. For this set of data, the
wings were all as stiff in torsion as solid duralumin, as shown in
table I; therefore, probably no aeroelasticity effects exist between
the tests of different taper ratios.
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TMckness Ratio

The effect of airfoil-sectionthickness ratio for NACA 6-series air- “
foil sections on damping in roll for untapered unswpt: -s and 35°
sweptback tapered wings is shown in figure 6, as collected from refer-
ences 1, 2, 3, and 5. These data, h general, show a small reduction in

c%
at supersonic speeds with increase in thickness ratio with the

exception of the .Wswept wings in figure 6[5) which have a slight change
In section shape. The effect of nonunifo~ thickness ratio for a 35°
sweptback wing (fig. 6(c)) was to decrease C

!P
slightly which is con-

sistent with the increased-thickness-ratioeffect. Also to be noted is
how the increasing thickness of the unswept wings increased irregularities
in C

%?
at transonic speeds which reflects the tig-dropping character-

istics as reported in reference 9. The unswept wings for which the data .
are shown in figure 6 varied appreciably as “compared
stiffness basis so that aeroelastic effects probably

Airfoil-Section Shape

on a torsional-
exist in the results.

The effect of airfoil-section shape on damping in roll for unswept .

and swept wings is shown in figure 7 as obtained from references 2 and 5.
A sharp-leading-edgeairfoil section can have a significant effect on

‘b
of a thin unswept wing as shown in figure 7(a). The double-wedge ;“

section had the transonic irregularity in C
%

and produced greater

damping in roll at supersonic speeds thsm the round-nose-section.
—

Modi-
fying a @o sweptback circular-erc-section~ing to have ugdeflected half-
slab ailerons with blunt trailing edges over the outer semispan increased
the Ck a small emount and also partially alleviated the irregular

..

trsmbon~c behatior
gible within these
shape.

(fig. 7(b)). !l?heeffeds
comparisons of results on

Delta Wings

Figure 8 shows the effect of increasing

of aeroelasticity sre negli-
the effect of airfoil-section ___

the sweepback of wings of
delta plan form and 6-percent thickness (ref. 7) and of increasing the
sweepback of a wing of near-delta plan forii,~or a pointed swePt wing

(ref. 6). In general, the delta wings had.~maller values of c~ than
P

the other wings of similar aspect ratio and.sweep; this is probably the
result of the tapering to a point. Moreover,

C!P
was reduced uniformly .

by successive increases in the sweepback ot..theleaung edge or the . ....=.

$
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accompanying reduction in aspect ratio. As shown in figure 8(a), a
70° sweptback delta wing had about one-half the Czp of a 45° sweptback.
delta wing. For a delta wing swept back 600, the a-tifoil-sectionshape
had little effect on Clp as shown in the comparison of the wing with

the round-nose hexagonal sections with contour breaks rounded and the
NACA 65AO06 sections. Because of the length of chord and method of
construction (inlays plus plate), the delta wings were probably the most
stiff wings tested; therefore, the aeroelastic effects are a minimum in
these results.

~crease in Ntier of Semispan Wings From Three to Four

The effect of increasing the number of semispan wings from three to
four is shown in figure 9 for unswept wings and delta wings with leading-
edge sweeps of 45°, 600, smd 70°, as collected from references 1, 4,
and 7. For the unswept wing an increase in the number of semispan wings
to four decreased Cz and increased the irregularities in C2P. For

P
the delta wing an increase to four semispan wings had little effect
on C

%
until the leadhg-edge sweep was 70° in which case the small

.
reduction in C

b
was important because of the initial low value of c~p.

.

Aeroelastic Effects

The test data presented include all aeroelastic effects that may be
present. During the programing of the tests, it was assumed that these
aeroelastic effects on C

b
would be small in that the wings were made

as stiff as practicable co&nensurate with efficient model-fabrication
practices and static-stabilityrequirements. When 600 sweptback wings
like those in figures 3(b) and 3(c) gave much less danping than expected,
it was strongly suspected that aeroelasticity was the cause. Inasmuch
as the wings could not be made appreciably stiffer over the types of con-
struction shown in figure 2 and wings of much reduced stiffness failed,
no quantitative effects of aeroel.asticitycould be determined using the
torque-nozzle technique alone. However, the actual stiffness character-
istics of the test wings (listed in table I) give an insight into the
aeroelastic effects. Shown in figure 10 are typical values of e/m as
a function of sweep for wings of no taper, moderate taper (h s 0.6), and
high taper (h= 0.3) for the three methods of construction used. These
measured stiffnesses iUustrate that when a wing is swept more than 45°
the stiffness is severely decreased even when the wing is of solid dural-
umin; hence, the effects of aeroelasticity on 600 swept wings as preti-

.
ously suspected were verified. Moreover, the value of ~ = 10.450 x 10-4
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for the wing with A =6 and A = 45° (plate-onlyconstruction of
fig. 4(c)) accounts for the fact that the value of Czp obtained was

.

.
lower than expected

By examination of the values of
9

, the figure of merit,
em

listed in table 1, it maybe seen that most of the wings were as stiff
as solid duralmin and those that were not measured were of the inlay-
plus-plate const~ction which usually gave” e/m values approaching t“hose
for solid duralumin. Consequently, the dsmping-in-rollresults from the
torque-nozzle technique are less affected by aeroelasticity (with excep-
tion of the two wings tith plates only) tham.full-scale-aircraftwings
which are not likely”to be as stiff as solid duralumin wings. In smy
event, the aeroelastic effect of the decrease in stiffness”(fig. 10) at
sweep angles greater than 45°, as shown by these rocket-model tests, will
be manifested to an equal or greater extent in the damping in roll of
full-scale-aticraftwings.

Comparisons With Theory

In order to show the basic data in relation to
comparison of the experimental values of C

–b
with

of cl is shown in figure 11. The theory for the
P

—

available theory, a
.

the theoretical values

unswept wings is for .

two semispan wings from reference U., the swept-wing theory is for two
setispan wings from references 12 and 13, and the delta-wing theory is
for three semispan wings from reference-14. This figure shows the values
of c

b
from eqeriment to roughly parallel the theory but is con&is-

tently-lower than the predicted theoretical value. Most of this differ-
-

ence may be chargeable to the differences.between linear theory and actual ‘.
practice such as finite W* thickness, body effects, end so forth, and
some of the difference is due to the aeroelastic effect on C

b“
This

aeroelastic effect can readily be seen b fi~e J-J.(b)h whic~ the swept
wing with the plate-only construction had-much less

c%
than either the “:

other experiments or theory. Inasmuch as little aeroel~stic effects are
.—

believed present in the delta-wing results, it is interesting to note in
figure U(c) that theory predicts the C

b
better as the delta wings are —

given successively greater sweepback or@wer aspect ratio. -:
.. .-._

.

4
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CONCLUDING REMARKS

.

This collection of data indicates that the zero-lift damping in roll
is well defined at transonic and low supersonic speeds for wing-body com-
binations having wings of aspect ratio less than 6 and ratios of body
diameter to wing span near 0.2. Additional data will be needed for the
higher Mach numbers, effects of etiernal stores, effects of angle of
attack, and for specific configurations.

The trends of the effects of the various geometric p~mneters sre
about as predicted by theory, when available, even though the level of
dampq is COI’ISiStk?IItlylower than that obtainedby theory and the existe-
nce of aeroelasticity must be considered in determining the damping b
roll. This co~ection of dsmping-in-roll data from the rocket-model
torque-nozzle technique lead to the following conclusions:

.

●

1. The plan-form effects sxe as follows:
(a) Increased sweepback decreased damping in roll.
(b) Decreasd aspect ratio slightly decreased dsmping

in roll.
(c) Increased taper did not decrease damping in roll

until tapered to a point.
(d) Delta wings had lower values of damping ~ roll thsm

other plan forms of comparable sweep or aspect ratio.

2. The airfoil-section effects sre as follows:
(a) bcreased thicbess ratio decreased damping in

roll.
(b) Section shape of unswept wings had a significant

effect on the smoothness of the variation and the magnitude
of the dsmping in roll with Mch nwber.

3. hcreasing the number of semispan wings from three to four
decreased damping in roll.for unswept wings but had only a small
effect for delta wings.

Langley Aeronautical Laboratory,
National Advisory Comnittee for Aeronautics,

Langley Field, Vs., May 20, 1953.

&
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Figure 1.- Typical rocket-model shape for measuring damping in roll by
the torque-nozzle technique. All dimensions sre in inches.
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Figure 2.- Three different types of wing construction used on the
dsmping-in-rol-lrocket models.
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Figure 4.- Effect of aspect ratio on damping in roll.
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Figure 5.- Effect of taper ratio on dsmping in roll.
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Figure 6.- Effect of airfoil-section thickness ratio on damping in roll.
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